ABSTRACT Background: Little is known about the joint association between glycemic index (GI), glycemic load (GL), and alcohol intake with type 2 diabetes (T2D). Objective: The objective of this study was to examine whether alcohol intake alters the associations between carbohydrate quality (GI) or quality and quantity (GL) and T2D incidence in women. Design: Participants from the Nurses' Health Study who were free of T2D, cardiovascular disease, or cancer (n = 81,827) at baseline in 1980 were followed for 26 y. Cumulative averages of GI, GL, total carbohydrates, and alcohol intake were calculated every 2-4 y from validated food-frequency questionnaires. Cox proportional hazard models were used to adjust for covariates. Results: We documented 6950 cases of T2D during follow-up. After adjustment for lifestyle and dietary factors, the positive association between GL and T2D risk was attenuated in subjects with higher alcohol intakes. RRs that compared the top and bottom quintiles of GL were 1.29 (95% CI: 1.11, 1.49; P-trend , 0.001) in women with alcohol intakes of 0 to ,5 g/d, 1.34 (95% CI: 0.93, 1.92; P-trend = 0.05) in women with alcohol intakes of 5 to ,15 g/d, and 0.99 (95% CI: 0.60, 1.65; P-trend = 0.82) in women with alcohol intakes 15 g/d (P-interaction = 0.02). However, a higher intake of alcohol did not modify the positive association between GI and T2D (P-interaction = 0.76). Conclusion: Our findings suggest that a higher alcohol intake (15 g/d) attenuates the positive association between GL and T2D incidence.
INTRODUCTION
The prevalence of T2D 4 is escalating with a major impact on morbidity and premature mortality worldwide (1) . Alcohol intake was shown to be protective against T2D when consumed in moderate amounts compared with lifetime abstainers and became deleterious in excessive consumers (60 g/d in men and 50 g/d in women) according to a recent systematic review and meta-analysis of 20 cohort studies (2) . A similar U-shaped relation has been shown in a previous meta-analysis of 15 prospective cohort studies with a 30% lower risk of T2D in moderate alcohol consumers (6-47 g/d) and no further risk reduction in heavier drinkers (48 g/d) or nondrinkers (3) . In addition, positive associations between GI and GL and T2D risk have been shown in a recent meta-analysis of prospective cohorts (4) . However, little is known about whether alcohol consumption modifies the association between GL or GI and T2D incidence. One trial conducted in 1975 showed that ethanol ingestion with food dampened the blood glucose rise and increased insulin sensitivity in both normal and diabetic subjects (5) . Other trials were conducted to assess the effect of alcohol as part of a meal on different hormones in T2D patients. Ethanol was shown to suppress or delay the incretin (glucose-dependent insulinotropic polypeptide and glucagon-like peptide 1, both of which are hormones in the gut that are known to enhance insulin secretion) response early postprandially when taken in a combination with a fat-rich mixed meal in T2D patients and eradicate the stimulation that carbohydrates would cause on the release of incretin and insulin (6) . Although these effects were shown in T2D subjects (6), they were not consistently shown in healthy subjects (7) (8) (9) (10) . However, none of these studies have specifically examined whether alcohol intake could modify the known positive association between GI or GL and T2D in healthy women. Therefore, we prospectively examined whether alcohol intake altered associations between GI or GL and T2D incidence in the NHS cohort.
SUBJECTS AND METHODS
The NHS was established in 1976 and is a prospective cohort study of 121,700 registered female nurses (30-55 y of age at baseline) who reside in 11 states. Participants were mailed questionnaires at baseline and every second year to repeatedly assess lifestyle practices and chronic diseases occurrence. The study protocol was approved by the institutional review boards of Brigham and Women's Hospital and the Harvard School of Public Health.
Dietary assessment
Information on foods and beverages consumed in the previous year was first assessed in 1980. In 1984, dietary information was collected by using a 116-item FFQ. During 1986 through 2006, participants were asked to update their diet information every 4 y by using a similar but expanded 131-item semiquantitative FFQ that has been previously validated (11, 12) . Participants were asked to select their usual intake of a standard portion of each food item. Nine responses were possible ranging from never or ,1 time/mo to 6 times/d. The daily nutrient intake was calculated by multiplying the frequency of intake of each food by the nutrient content estimated by using food-composition tables from the Harvard University food-composition database, which was derived from the US Department of Agriculture sources (13) and summing across all items. To reflect both the quantity and quality of the carbohydrates consumed, GL was calculated by multiplying the carbohydrate content of each food by its GI, which is a measure of the relative postprandial blood glucose response per gram of carbohydrates, and then multiplying this value by the frequency of consumption and summing these values for all foods (14) . Cereal fiber intake was defined and calculated as described previously (15) . To reduce measurement error, the cumulative average values of 1980, 1984, 1986, 1990, 1994, 1998, and 2002 were computed for dietary variables including foods, nutrients, GI, and GL (12) . The residual method was used to adjust intakes of total carbohydrates and cereal fiber for total energy (16) . Total alcohol intake was calculated by using separate questions in the FFQ on the consumption of beer, wine, and spirits (17) . The frequency of alcohol consumption, which ranged from none to 7 d/wk, was first asked in 1986. In a study to assess the validity and reproducibility of this alcohol-assessment method, self-reported alcohol consumption on questionnaires correlated highly (Spearman's r = 0.86) with independent measures of alcohol intake from 14 d of diet records and with serum HDL-cholesterol from fasting blood samples (r = 0.4), which is a nonspecific, and yet sensitive, marker of alcohol intake (18) .
Measurement of nondietary factors
Age was calculated from the date of birth until the return date of the 1980 questionnaire. Height was assessed at the beginning of the study in 1976, and weight was self-reported on every questionnaire. Self-reported weights correlated highly with measured weights (r = 0.96) (19) . BMI was calculated as weight (in kg) divided the square of height (in m). Current smoking status (yes/ no) and quantity of cigarettes smoked per day were assessed on every questionnaire and used to assess an updated smoking status (never; past; current 1-14 cigarettes/d; current 15-24 cigarettes/d; current 25 cigarettes/d). In 1986, women were asked to complete an 8-item questionnaire regarding the average amount of time spent per week in different physical activities. Physical activity was expressed as hours per week and converted to metabolic equivalent task hours per week. Menopausal status and hormone use were assessed in 1976 and every 2 y thereafter. Women were classified as postmenopausal at the first report of natural menopause or surgery with bilateral oophorectomy.
Exclusion of participants at baseline
In the current analysis, participants with implausible energy intakes (,500 or .3500 kcal/d), who had a history of T2D, cardiovascular disease (ie, heart attack, stroke, angina, or coronary artery bypass graft), or cancer, who had missing values for the derived GL, or who had missed reporting their alcohol intake were excluded at baseline (1980) . Thus, 81,827 participants remained for the current analysis.
Ascertainment of T2D cases
The outcome was T2D incidence between the return of the baseline questionnaire in 1980 and 30 June 2006. Women who reported a diagnosis of T2D in the biennial follow-up questionnaire were sent a supplementary questionnaire to confirm the diagnosis. The National Diabetes Data Group criteria were used to confirm a self-reported diagnosis of T2D (20) . For T2D cases identified after 1998, the American Diabetes Association criteria were applied (21) . Cases of type 1 diabetes were excluded. In a validation study of the supplementary questionnaire for diabetes diagnosis, a medical record review confirmed 98% of selfreported T2D cases (61 of 62 cases) (22) .
Statistical analysis
Participants contributed follow-up time from the date they returned their baseline questionnaire to the date of diagnosis of T2D, death, loss to follow-up, or end of the study period, whichever came first. To examine the independent and joint associations of GL and alcohol intake with T2D, we estimated RRs and 95% CIs by using the Cox proportional hazards regression model with age in months as the time scale, the calendar year as a stratification variable, and time-varying covariates.
In the basic multivariate model 1, in addition to stratification by age and time period, we adjusted for known and suspected risk factors of T2D, including family history of T2D in 1986 (yes or no); BMI (,21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-32.9, 33-34.9, 35-39.9, or 40, or missing), energy intake (continuous; kcal/d), alcohol intake (0 to ,5, 5 to ,15, or 15 g/d), cereal fiber intake (quintiles; g/d), physical activity (1 to ,3, 3 to ,9, 9 to ,18, 18 to ,27, or 27 metabolic equivalent task hours/wk, or missing), smoking status (never, past, or currently 1-14, 15-24, or 25 cigarettes/d), menopausal status and hormone use (premenopausal, postmenopausal and never used hormones, postmenopausal and current hormone users, or postmenopausal and past hormone users). In an additional multivariate model 2, we further adjusted for coffee intakes (quintiles; cups/d; 1 cup = 237 mL), the ratio of polyunsaturated to saturated fatty acids (quintiles), trans fat intake (quintiles; g/ d), and red-meat consumption (quintiles; servings/d). Cumulative averages of GI, GL, total carbohydrates, and dietary covariates (macronutrients and alcohol) were calculated at each time point to better represent the long-term diet and to minimize within-person variation. We stopped updating the diet (except for alcohol intake) when participants first reported a chronic disease diagnosis (eg, cancer, cardiovascular disease, or hypertension) because participants with any of these intermediate endpoints may have changed their diet. Because some people might have stopped drinking after self-reported disease diagnosis, we ran our main analysis where we updated alcohol intake and another sensitivity analysis where we stopped updating alcohol intake after self-reported disease diagnosis. All other covariates were updated at each time point. Tests for linear trends across quintiles (for GL, GI, or total carbohydrates) or categories (for alcohol intake) were performed by using Wald's test (1 df) of an ordinal term that represented median values of these quintiles or categories.
GI, GL, total carbohydrate intake, and alcohol intake were initially analyzed as main effects in quintiles in separate models. Stratified analyses and interaction tests were performed for GL (quintiles) and GI (quintiles) according to alcohol intake (0 to ,5, 5 to ,15, or 15 g/d) and to alcohol drinking frequency (none or 1-2 or 3-7 times/wk). Because the frequency of alcohol drinking was first assessed in 1986, we used 1986 as the baseline for the stratified analysis. A joint analysis was performed according to joint classifications of GL (quintiles) and alcohol intake (tertiles). The likelihood ratio test was used to compare the model including the cross-product terms [eg, median of tertiles of alcohol intake (ordinal) · median of quintiles of GL or GI (ordinal)] with a model that included only the main effects of alcohol intake and GL or GI. SAS software (version 9.1; SAS) was used for all analyses, and P , 0.05 was considered statistically significant.
RESULTS
In this cohort of 81,827 women, we documented 6950 incident T2D cases during 26 y of follow-up (1,961,881 person-years). Women with the highest GL diet at midpoint in 1990 had higher intakes of total carbohydrates, cereal fiber, total red meat, fruit, and vegetables, regular soda, and potatoes. These women were also less likely to smoke, drink alcohol, or drink coffee and more likely to be physically active that were women with a lower-GL diet ( Table 1) . Women with a higher-GI diet at midpoint in 1990 had higher intakes of total carbohydrate, cereal fiber, trans fat, total red meat, regular soda, and potatoes and lower intakes of alcohol, coffee, and fruit, and vegetables. They also smoked more and exercised less than did women with a lower-GI diet. Although GL correlated highly with carbohydrate intake (r = 0.90), GI was less strongly correlated with carbohydrate intake (r = 0.31). The correlation between GI and GL was 0.58. In our cohort, the mean baseline daily alcohol intake was 6.3 g (approximately one-half of a standard US drink), and the median alcohol intake was 0.8 g/d for the category of 0 to ,5 g/d, 8.8 for the category of 5 to ,15 g/d, and 23.9 for the category of 15 g/d. Only a small percentage of our sample [0.58% (n = 477)] had an average alcohol intake 50 g/d and was considered heavy drinkers. Furthermore, the top 5 contributors to baseline (1980) GL were orange juice (8.2%), white bread (8.1%), dark bread (7.5%), cola (6%), and fruit cocktails (5%), and the top 5 contributors for 1990 GL were mashed potatoes (7.6%), cold cereals (6.4%), dark bread (5.1%), bananas (4.4%), and orange juice (3.8%).
After adjustment for age, there was a positive dose-response relation between both GL and GI, and the incidence of T2D (all P-trend , 0.001; Table 2 ) and an inverse dose-response relation between total carbohydrate intake, alcohol intake, and T2D incidence (P-trend , 0.001). After further adjustment for lifestyle and dietary factors, trends remained significant for GL, GI, and alcohol intake, but total carbohydrate intake was no longer significant (P-trend = 0.39) (Table 2, model 5). Additional adjustment for intakes of coffee, trans fat, red meat, and the ratio of polyunsaturated to saturated fatty acids did not appreciably alter RRs. However, the total carbohydrate intake became positively associated with diabetes risk (P-trend = 0.01) ( Table 2 , model 6).
In the stratified analyses shown in Table 3 , the positive association between increased GL and T2D incidence was evident in the group with no or low alcohol intake (0 to ,5 g/d) (top (Figure 1) . A significant positive dose-response relation between GI and T2D incidence in each group of alcohol intake (all P-trend , 0.05) is shown in Table 4 , and there was no evidence of the interaction between GI and alcohol intake (P-interaction = 0.76).
In a secondary analysis, a similar pattern was seen between GL and T2D incidence on stratification with alcohol drinking frequency. However, the interaction was not significant (Pinteraction = 0.34), which could have been due to the reduced power when alcohol drinking frequency was assessed. In sensitivity analyses, which was additionally controlled for low-fat dairy products, nuts, eggs, tea, and the MUFA:saturated fatty acid ratio (instead of the PUFA:saturated fatty acid ratio) in the models, did not significantly alter our results. Also, the exclusion of women who were heavy drinkers [consumed 50 g alcohol/d; 477 subjects (58%), including 11 T2D cases] did not materially change the results for the main effects and the interaction tests. All of the above-mentioned results did not materially change when we stopped updating alcohol intake after self-reported hypertension (data not shown).
DISCUSSION
In this large prospective study, a higher alcohol intake (15 g/d) appeared to attenuate the positive association between GL and T2D incidence. To our knowledge, this was the first prospective cohort to examine the effect modification of the association between carbohydrate quality and quantity and diabetes risk by alcohol intake.
According to a recent systematic review and meta-analysis of 20 cohort studies (2) and a previous meta-analysis of 15 prospective cohort studies (3) on alcohol intake and T2D risk, a U-shaped relation has been shown whereby moderate drinkers had a lower risk of T2D than did abstainers or heavy drinkers. , energy intake (kcal; continuous), alcohol intake (0 to ,5, 5 to ,15, or 15 g/d), cereal fiber intake (quintiles; g/d), physical activity (1 to ,3, 3 to ,9, 9 to ,18, 18 to ,27, or 27 metabolic equivalent task hours/wk), smoking status (never, past, or currently 1-14, 15-24, or 25 cigarettes/d), and menopausal status and hormone use (premenopausal, postmenopausal and never used hormones, postmenopausal and current hormone users, or postmenopausal and past hormone users). 4 Same as in footnote 3 with additional adjustment for coffee intake (quintiles; cups/d; 1 cup = 237 mL), ratio of polyunsaturated to saturated fatty acids (quintiles), trans fat intake (quintiles; percentage of total energy), and red-meat consumption (quintiles; servings/d).
5 Same as in footnote 3 with additional adjustment for glycemic load (quintiles). 6 Same as in footnote 4 with additional adjustment for glycemic load (quintiles).
These results were persistent in subjects with low or high BMI.
Our current results, which were similar to our previous results in 1988 (23) , were consistent with these findings; however, our study population included only a small number of heavy drinkers, which did not give us enough power to investigate any potential U-shape association with heavy drinking. 9, 35-39.9, or 40) , energy intake (kcal; continuous), alcohol intake (g/d; continuous), cereal fiber intake (quintiles; g/d), physical activity (1 to ,3, 3 to ,9, 9 to ,18, 18 to ,27, or 27 metabolic equivalent task hours/wk), smoking status (never, past, or currently 1-14, 15-24, or 25 cigarettes/d), menopausal status and hormone use (premenopausal, postmenopausal and never used hormones, postmenopausal and current hormone users, or postmenopausal and past hormone users), coffee intake (quintiles; cups/d; 1 cup = 237 mL), ratio of polyunsaturated to saturated fatty acids (quintiles), trans fat intake (quintiles; percentage of total energy), and red-meat consumption (quintiles; servings/d). At baseline, the number of participants in each alcohol category was as follows: 53,102 for alcohol intake 0 to ,5 g/d with the number of participants from quintiles 1 to 5 of GL being 9156, 9707, 11,111, 11,341, and 11,787, respectively; 18,681 participants for alcohol intake 5 to ,15 g/d with the number of participants from quintiles 1 to 5 of GL being 4413, 3923, 3843, 3658, and 2844, respectively; and 10,044 participants for alcohol intake 15 g/d with the number of participants from quintiles 1 to 5 of GL being 2970, 2158, 1857, 1711, and 1348, respectively. P-interaction = 0.02. GL, glycemic load; MV, multivariate; T2D, type 2 diabetes.
2 RR (95% CI) from Cox proportional hazards models (all such values). FIGURE 1. Joint association (RRs from Cox proportional hazards models) of alcohol intake and glycemic load on T2D risk. All MV models were adjusted for age (in mo), family history of T2D (yes or no), BMI (in kg/m 2 ; ,21, 21-22.9, 23-24.9, 25-26.9, 27-29.9, 30-32.9, 33-34.9, 35-39.9, or 40), energy intake (kcal; continuous), cereal fiber intake (quintiles; g/d), physical activity (1 to ,3, 3 to ,9, 9 to ,18, 18 to ,27, or 27 metabolic equivalent task hours/ wk), smoking status (never, past, or currently 1-14, 15-24, or 25 cigarettes/d), menopausal status and hormone use (premenopausal, postmenopausal and never used hormones, postmenopausal and current hormone users, or postmenopausal and past hormone users), coffee intake (quintiles; cups/d; 1 cup = 237 mL), ratio of polyunsaturated to saturated fatty acids (quintiles), trans fat intake (quintiles; percentage of total energy), and red-meat consumption (quintiles; servings/d). At baseline, the number of participants in each alcohol category was as follows: 53,102 for alcohol intake 0 to ,5 g/d with the number of participants from quintiles 1 to 5 of glycemic load being 9156, 9707, 11,111, 11,341, and 11,787, respectively; 18,681 participants for alcohol intake 5 to ,15 g/d with the number of participants from quintiles 1 to 5 of glycemic load being 4413, 3923, 3843, 3658, and 2844, respectively; and 10,044 participants for alcohol intake 15 g/d with the number of participants from quintiles 1 to 5 of glycemic load being 2970, 2158, 1857, 1711, and 1348, respectively. MV, multivariate; Ref, reference; T2D, type 2 diabetes.
Moderate alcohol consumption has been shown to improve insulin sensitivity in healthy men (24) and nondiabetic postmenopausal women (25) . One study showed that the habitual consumption of moderate alcohol in the form of wine (mean intake: 18 g alcohol/d for 30 d) lowered fasting serum insulin in T2D patients (11 women and 7 men) with a mean (range) age of 64 y (45-82 y) (26) . Other randomized controlled trials of 3-12 mo in T2D patients concluded that moderate alcohol consumption reduced fasting plasma glucose (27) and hemoglobin A1c (28) but not postprandial plasma glucose (27) concentrations. Alcohol intake was also seen to be associated with decreased serum insulin and improved insulin sensitivity (29) potentially via increased concentrations of systemic adiponectin (30) (31) (32) (33) (34) , which is an adipocyte-derived hormone known to enhance insulin sensitivity and to have antiinflammatory properties (35) .
Little is known about whether the effect of GL on T2D risk is modified by alcohol consumption. One trial in normal and diabetic subjects showed that ethanol blunted the rise in blood glucose and increased the insulin response to co-ingested food (5) . Another study showed that, in diabetic patients, alcoholic beverages that contained carbohydrates [eg, beer (3.7% alcohol and 3.1% glucose), sake (12.3% alcohol and 4.9% glucose), and shochu used as a control (20.5% alcohol and 0% glucose)] induced a blood glucose elevation that was proportionally attenuated by the ethanol content of these beverages, such that the elevation of blood glucose at 60 min was higher for beer than for sake and was not significant for shochu (36) . Our results suggested an attenuation of the positive association between GL and T2D by alcohol intakes of 15 g/d (median intake: 23.9 d/d).
Both the quantity and the quality of the carbohydrate consumed affect the development of insulin resistance and T2D (4) . Although GI quantifies the glycemic response to carbohydrates in specific foods (37) , GL, which is the product of GI of a certain food by its carbohydrate content, represents the interaction between the quantity and the quality of carbohydrate. Alcohol metabolizes differently from carbohydrates, and its consumption might attenuate the adverse effects of high-GL foods on T2D risk by delaying the insulin-glucose responses. This lower postprandial blood glucose release requires less insulin quantity to clear blood glucose, which results in more insulin receptors and better insulin sensitivity. Lower fasting insulin concentrations and increased insulin sensitivity with chronic moderate alcohol consumption have been reported in international studies (38) (39) (40) and in subgroups of US young adults (41) and postmenopausal women (25) . Moderate alcohol has also been suggested to inhibit the undesirable hepatic gluconeogeneis (42) by increasing the ratio of NADH:NAD+ within the liver cell (ie, by reducing NAD+ to NADH) because of the oxidation of alcohol to acetate, which would inhibit the citric acid cycle activity and the b-oxidation of fatty acids (43) . Moreover, moderate alcohol has been suggested to affect carbohydrate metabolism in a variety of ways, including improved insulin sensitivity (44) , reduced glycogenolysis (43) , and fat oxidation (45) , as well as altering the hormonal response (eg, glucagon and growth hormones) to hypoglycemia (46) . Both reduced gluconeogenesis and glycogenolysis could lead to reactive hypoglycemia in rare cases dependent on the carbohydrate nature, the individual characteristics, and whether alcohol was consumed without food while glycogen stores were depleted (43) . Although this effect suggests some stimulation of the pancreatic b cells by alcohol, other studies did not observe any increase in insulin or C-peptide after alcohol consumption in both normal and T2D subjects, which suggested that the b cell function was unaffected (47, 48) . The association between GI and diabetes was not significantly modified by alcohol intake. Although GI is a marker of carbohydrate quality, GL represents both the quality (GI) and quantity (weight) of carbohydrates; thus, it is a better predictor of postprandial blood glucose response and insulin demand (49) and a better reflection of the glycemic burden of the overall diet. Indeed, as previously considered, neither GI (carbohydrate quality) nor total carbohydrate amount in isolation provides an accurate measure of insulin demand (14, 50) . Nonetheless, both dietary GI and GL are significantly associated with increased risk of diabetes, independent of alcohol intake and other dietary factors. Our study had notable strengths, including a large sample size, prospective design, high follow-up rates, repeated assessment of dietary and lifestyle information, and ability to control for the potential confounders. Further, to minimize the recall bias, we not only excluded, at baseline, participants with a major history of chronic diseases but also stopped updating dietary intakes after participants reported being diagnosed with certain chronic diseases that might have influenced their subsequent report of diet.
Several limitations warrant consideration. First, we did not have detailed data on alcohol drinking patterns to assess whether alcohol was always consumed with a meal in which it would be most effective at blunting GL. However, if anything, this would only add random error to our results and bias the interaction toward the null. Second, residual confounding is always a concern in observational studies; however, we controlled for known and suspected risk factors of T2D in our multivariate models. Third, because our study population predominantly consisted of female nurses with European ancestry, our results may not be generalizable to men or other ethnic groups. Fourth, in our analysis, BMI was updated every 2 y, and height was assessed at baseline, although it is likely to be reduced at older age and lead to an underestimate of BMI. However, given that repeated measures of BMI were adjusted in the analysis, this would not have a major impact on our results. Fifth, although our FFQ was not initially designed to determine differences in GI of foods, it was designed to explain the variance in the quantity and quality of carbohydrates consumed (11) . However, measurement error in the assessment of dietary GI and GL is inevitable, which may have attenuated the observed associations. Sixth, although we had information on the different alcoholic types consumed (ie, beer, wine, and spirits), we did not have enough power to stratify the analysis by alcohol types. Last, we did not confirm our diabetes cases with the standard oral glucose tolerance test because this is unfeasible in large cohorts. However, the self-reported diabetes cases were confirmed via supplementary questionnaires that have been shown to be highly accurate on the basis of medical record review (51, 52) .
In conclusion, our findings suggest that a higher alcohol intake (15 g/d) attenuates the effect of GL on T2D incidence. Additional studies are needed to confirm our findings in other populations and elucidate potential mechanisms.
